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ABSTRACT. The Quaternary deposits of the Hanoi area have been investigated in order to provide information required 
for the design of a groundwater-flow model. Limited sedimentological data exist from 32 destructive drillings carried out 
previously in the study area. The data base contains hydrographical and hydrogeological observations, but few 
sedimentological details. This is in contrast with the more seaward regions of the area where the Holocene deposits of the 
Red River plain has previously been studied. However, a comparison of the results obtained in this study with the previous 
studies indicates that the Hanoi sediment succession developed in an incised valley under conditions of rapid relative sea-
level rise until ca. 7-6 a cal BP. The succession consists initially of alluvial floodplain deposits conformably overlain by 
mud deposited at the head of an estuary which filled with continuing rapid sea-level rise. Once the relative sea-level rise 
stabilized, fluvial deposition prograded over the adjacent estuarine mud. The development of a groundwater-flow model 
requires knowledge of the three-dimensional distribution of the various deposits. Despite the paucity of information with 
respect to sediment description, a model of the entire Quaternary sequence is presented in several lithostratigraphic cross-
sections and a panel diagram. The latter forms the basis for the construction of a contour map of the base of the Pleistocene 
and Holocene deposits, and for a sequence map of the Quaternary deposits in the study area. 
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1. Introduction
Groundwater is the only resource of water for the city of 
Hanoi which has a high and expanding population (about 
6 millions since the extension of the administrative 
boundaries of the city in 2008). Water extraction means 
that groundwater levels have decreased since the early 
1990’s because of the rapid growth of the city and its 
suburbs (Nguyen & Nurul Amin, 2002). Increasing waste 
disposal leads to groundwater contamination and poses a 
significant threat to human health. Moreover, groundwater 
withdrawal has resulted in 10 to 15 cm of land subsidence 
since 1989 (Nguyen & Helm, 1998) with a rate of 35-40 
mm per year in the centre of Hanoi (Rau et al., 1991). The 
subsidence causes severe foundation failures and an 
increase of urban flooding because surface water cannot 
be drained sufficiently during the rainy season. For these 
reasons it is necessary to develop an effective management 
of the groundwater resources in the Hanoi city and 
associated region. 
In 2005, UNESCO recognised the importance of this 
issue and launched a project designed to assess the degree 
of contamination of both surface and groundwater in the 
central area of Hanoi. This project is coordinated by the 
Research Institute of Geology and Mineral Resources 
(RIGMR) of Hanoi which was responsible for collecting 
data for this purpose. On the basis of their data set, a 
groundwater-flow model has been developed (Jusseret et 
al., 2009). However, this hydrogeological model differs 
from those previously established for the area (e.g. 
Koponen, 1991; Nguyen & Helm, 1998; Thu, 1998; Thu 
& Fredlund, 2000). The latter use a simple model with 
respect to the geological setting whereby different 
hydrological units are summarized in a generalized section 
made on the basis of a compilation of several boreholes 
and where the units are correlated assuming that they 
remain regular and uniform between the data points. Such 
an approach leads to misinterpretation and false 
conclusions about the geological setting and limits the 
value of the resulting hydrological model (cf. Baeteman, 
1994). –––––––––––
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The development of a groundwater-flow model in 
alluvial and coastal deposits characterized by frequent 
lateral and vertical lithological changes requires a three-
dimensional model whereby the geometry or spatial 
distribution of the relevant units is shown. This need is too 
frequently underestimated by hydrogeologists although 
the problem has been highlighted previously (e.g. 
Gangopadhyay & Das Gupta, 1995; Kostic & Aigner, 
2007). This paper presents the results of a study of the 
Quaternary deposits of the subsoil of Hanoi which 
preceded the new hydrogeological modelling of Jusseret 
et al. (2009). Although the available data set is rather poor 
with respect to quantity and detail, the geological study 
provided the essential information which was required for 
the deterministic hydrogeological model.
2. Regional setting
North Vietnam is essentially a mountainous region with 
elevations of about 200 m to more than 3000 m above sea 
level (Fig. 1). The region is characterized by the strait and 
narrow valley of the Red River which corresponds to the 
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in the text. Redrawn after 
Mathers et al., 1996. 
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Red River graben (Mathers et al., 1996). The catchment 
area of the Red River is 155.000 km2 which is relatively 
small compared to the major rivers in the world (Coleman 
& Roberts, 1989). The valley opens around Viet Tri to 
form a triangular-shaped plain with an altitude less that 
200 m and which consists of Quaternary deposits (Fig. 2). 
The reach of the river in the delta plain is 225 km long 
(van Maren, 2005). This plain is generally called the Red 
River Delta (Tanabe et al., 2003a). In this context, the 
term delta is used in a geometric sense and does not 
indicate the depositional sedimentary environment. 
Therefore, the term “plain” will be used in this paper as it 
is more appropriate. At Hanoi the Red River splits into the 
Duong River which is debouching into a tide-dominated 
area in the East of the plain, and the Song Hong (Red 
River), crossing a fluvial-dominated area before 
debouching into a wave-dominated region in the West of 
the plain (Mathers et al., 1996; Mathers & Zalasiewicz, 
1999) (Figs 1 & 2). 
The study area comprises the urban area of Hanoi 
which is situated in the NW of the plain. The study area is 
bordered in the North and East by the Red River (Fig. 1). 
For the purpose of the hydrogeological modelling, the 
borders of the study area are irregular and are not defined 
according to natural boundaries. The western border is 
parallel to the Nhuê River at a distance of about 700 m of 
it. The investigated region includes the following lakes: 
West Lake, White Silk Lake, Hoan Kiem Lake (Fig. 1).
3. Previous work
The Red River plain has been investigated on the basis of 
few cores, 15 to 40 m deep with an undisturbed recovery 
and studied in detail supported by age determinations 
(Tanabe et al., 2003a, 2003b; Hori et al., 2004; Li et al., 
2006; Funabiki et al., 2007). Since most of the cores are 
located in more seaward areas, no detailed information is 
available for the subsoil of the Hanoi area. The closest 
cores are at 20 km (DA core; Funabiki et al., 2007) and 25 
km (PN core; Tran & Ngo, 2000) from Hanoi in the South 
and the SE, respectively, and one core at a distance of 
about 20 km West of the city (core PD; Funabiki et al., 
2007; Fig. 2). The drillings have been carried out for the 
investigation of the sediment sequence, sea-level history 
and palaeogeography of the plain during the Holocene. 
According to Rau et al. (1991) the Holocene deposits of 
the Hanoi subsoil consist of sand, silt, clay and peat with 
a thickness varying between 10 and 45 m. Very little detail 
is known about the Pleistocene deposits that overly 
unconformably the Neogene deposits at a depth of 90 to 
100 m in the centre of Hanoi (Rau et al., 1991). Their 
thickness reaches about 50 m beneath Hanoi and consists 
of fluvial gravels and sands with subordinate silt and clay 
lenses (Mathers & Zalasiewicz, 1999). The Pleistocene 
deposits form the main aquifer for water supply in Hanoi 
city (Rau et al., 1991). 
The Red River plain formed by the progressive infill 
of an incised valley due to the relative sea-level rise during 
the Holocene. It is characterized by progradation once the 
rate of the relative sea-level rise slowed down, after ca. 
7-6 ka. According to the results of the above mentioned 
investigations, the infill starts with fluvial sediment 
accumulation (in the vicinity of Hanoi), which is described 
as river mouth bar (Tanabe et al., 2003b), probably 
representing a bay-head delta at the landward part of the 
estuary (cf. Zaitlin et al., 1994). It is overlain by tidal flat 
and tide-influenced channel-fill deposits (interpreted as 
estuarine sediments) at a depth between 16 and 11 m in 
core DA close to Hanoi (Fig. 2). These mainly clayey 
deposits are overlain by tide-influenced channel-fill 
deposits (interpreted as deltaic deposits) which reach a 
thickness of ca. 8 m (at a depth between 11 and 3 m). The 
upper 3 m is formed by floodplain deposits consisting of 
reddish brown clay with organic material at the base 
(Funabiki et al., 2007). The palaeogeographical 
reconstruction (Tanabe et al., 2003b) shows that coastal 
deposits reached as far as Hanoi between 9000 and 4000 
a cal BP. However, according to Funabiki et al. (2007) the 
site of core DA, which is still about 20 km south of Hanoi, 
represents the landward limit of the coastal deposits, and 
fluvial deposition prevailed from ca. 7000 to 6000 a cal 
BP onwards. These ages should be considered with great 
care. The sequence with the deltaic deposits in particular 
has been dated on peaty material deposited in laminae 
which obviously indicates reworking. Also all shells are 
regarded as reworked material (Tanabe et al., 2003b). The 
palaeogeography is drawn on the basis of a compilation of 
sea-level curves from the western margin of the South 
China Sea (Tanabe et al., 2003b) completed with a 
sediment-accumulation curve derived from the 
investigated cores in the plain. The curve shows a rapid 
relative sea-level rise from 15,000 cal a BP onwards until 
7500 a cal BP. Between 7500 and 2000 cal a BP (3500 cal 
BP according to Funabiki et al., 2007), it shows a higher 
sea-level stand than the present sea level. The data for the 
construction of the sea-level curve are derived from a 
multiplicity of coastal settings with considerable variations 
in the site-specific processes which influence the 
sedimentary record. Therefore, a difference in the 
interpretation of sea-level index points can be expected 
which explains the differences in ages. The curve does not 
consider the subsidence of the basin (at a rate of 0.04-0.12 
mm/year, Tanabe et al., 2003b), nor sediment compaction 
which might be substantial in the deeper clayey deposits. 
From the above-mentioned investigations, it can be 
inferred that in the study area coastal deposits (clay and 
sand) are probably present overlain by fluvial channel 
and floodplain deposits. 
4. Data and methodology
The data consists of the lithological description of 32 
destructive drillings previously carried out in the Hanoi 
area (Fig. 1). The drillings recovered the entire Quaternary 
sequence. However, the description was not detailed and 
limited to the indication of solely the texture, i.e. gravel, 
sand, silt and clay, without note of further facies 
characteristics. In the data base (RIGMR, 2006), the 
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Quaternary deposits of the Hanoi Province are subdivided 
into “traditional stratigraphic formations” with a brief 
description of the lithology with some chronostratigraphical 
indication. The following formations are defined: Le Chi, 
Hanoi, Vinh Phuc, Hai Hung and Thai Binh (Ky et al., 
1991; Mathers & Zalasiewicz, 1999). The chronostratigra-
phical boundary between the Pleistocene and the Holocene 
is situated in the upper part of the Vinh Phuc Formation. 
The data obtained from the 32 drillings has been added to 
the description of these formations (Fig. 3). 
As mentioned above, hydrogeological modelling 
requires understanding of the three-dimensional geometry 
of the deposits that are relevant for the groundwater flow. 
The Neogene deposits have not been considered because 
the shales are impermeable and can be considered as a 
hydrogeological barrier. To establish a three-dimensional 
geometry, the sedimentary sequence must first be presented 
in several cross-sections. For the correlation of the 
sediments in the cross-sections, the stratigraphic 
formations mentioned above, have not been used. The 
subdivision of estuarine and deltaic deposits into litho- or 
chronostratigraphic units is not very useful for delineating 
the facies or characteristic facies successions that can be 
used to interpret sedimentary sequences. Moreover, the 
sediment description of the stratigraphic formations is too 
vague and individual units contain deposits with different 
texture and grain size which would lead to erroneous 
results in the hydrogeological model. 
On the basis of the available sediment descriptions, 
lithological units have been selected whereby the dominant 
grain size was chosen to identify the unit. In the sediment 
descriptions, the silt and clay deposits of the entire 
Holocene sequence were grouped into one single unit. 
This unit comprises the silts and clays from the Vinh Phuc, 
Hai Hung and Thai Binh Formations (Fig. 3). However, it 
is most likely that this unit also contains sand bodies from 
active and abandoned channels. It is essential to identify 
these sand bodies from a hydrogeological point of view, 
because their presence would imply that there are multiple 
aquifers in the Holocene deposits although the data base 
only mentions one Holocene and one Pleistocene water 
level (RIGMR, 2006). The present-day channels have 
been identified on the geological map showing also the 
hydrographical network (Fig. 4). The ancient or buried 
channels have been detected by different means. Thus, the 
morphology of the lakes, ponds and fish ponds have been 
used to identify previous channel courses because they 
correspond to oxbow lakes (Tran, 2005). The spatial 
distribution of the observation wells gives an indication of 
the presence of sand, because no wells are drilled in clayey 
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Figure 3: Schematic representation of the Quaternary lithostratigraphic units encountered in the Hanoi area. After RIGMR, 2006.
Stratigraphy anD hyDrogeology of quaternary DepoSitS of the Central zone of hanoi  81
0 10 km
Core
Hydrographic system
Silt-clay
(Holocene, Thai Binh
Formation)
Gravel-sand 
(Pleistocene, Vinh Phuc
Formation)
LKT4HA1
Legend
N
0 10 km
Hanoi Province
N
Red River
Duong River
Hanoi area
Cross-section 1
Cross-section 3
Cross-section 4
Cross-section 2
LK10HN
LKT5HA2
LKT5HA1
LKT5HA3
LKT5HA5
LK11HN
LKT5HA6
LKT5HA7
LK14-204
LKT4HA2
LKT4HA1
LKT4HA3
LKT11
LKT13
LKT4HA3A
LKT12
LKT3HA1
LKT3HA2
LKT3HA4
LK6HN
LK17-204
LKT3HA5
LK1HN
LKTIIH3
LKTIIH5
LK2HN
LKTIIH4
LKTIIH7
LKTIIH6
LKTIIH8
LK3HN
LKT10
Border of
modelled area
NE
L
K
1
0
H
N
L
K
T
5
H
A
2
L
K
T
5
H
A
3
L
K
T
5
H
A
1
L
K
T
5
H
A
5
L
K
1
1
H
N
L
K
T
5
H
A
6
L
K
T
5
H
A
7
10
0
-10
-20
-30
-60
-40
-50
-80
-90
-70
-100
-110
10
0
-10
-20
-30
-60
-40
-50
-80
-90
-70
-100
-110
SW
Gravel
Holocene-
Pleistocene boundary
Legend
0 1000 m
Silt-clay
Cores Cross-sections
Sand
Clay
Sand
Silt
Gravel
Shale
Tertiary
Basement
Gravel-sand
Figure 4: Geological map 
of the Hanoi area with 
location of the drillings 
and cross-sections.
Figure 5: Cross-section 1. 
See Fig. 4 for location.
82 S. JuSSeret, C. Baeteman & a. DaSSargueS
sequences. The thickness of the sand bodies which form 
the aquifers, has been inferred from the results of pumping 
tests (Jusseret et al., 2009). The sand bodies have been 
drawn on the cross-sections according to their distribution 
on the sequence map. 
The boundary between the Pleistocene and Holocene 
deposits can be inferred from lithological and hydrological 
data. The top of the Pleistocene deposits consisting of 
fluvial gravel and sand or reddish brown compact clay, is 
relatively consolidated which is in contrast with the 
overlying soft and fine-grained Holocene sediments 
deposited in a coastal and/or alluvial environment. The 
sedimentary boundary between them is sharp and can be 
recognized in every drilling at a level between +5 and –30 
m msl. The Holocene clay with channel-sand bodies act 
as an aquifer representing a hydrogeological barrier that is 
likely to confine the underlying Pleistocene aquifer. The 
bottom of the river bed has been drawn on the cross-
sections at an elevation of –2 m msl on the basis of 
measurements of the minimal water level of the Red River 
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Figure 6: Cross-section 2. See 
Fig. 4 for location.
Figure 7: Cross-section 3. See 
Fig. 4 for location.
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at three stations which was around +0.80 m in the period 
between 1995-2004. Since the river never dries up 
completely, an arbitrarily water depth around 3 m was 
chosen.
5. Results 
5.1. Description of the cross-sections
A series of 4 cross-sections (Figs 4-8) from North to South 
have been drawn to show some details of the spatial 
distribution of the units. The cross-sections have been 
drawn with a vertical exaggeration of 100 resulting in a 
false impression of the geometry of the units like, for 
example, the Pleistocene palaeovalley of the river which 
in reality has very gentle slopes. The cross-sections show 
a major depression around –90 m in the top of the Neogene 
deposits which corresponds to a former valley. The valley 
is particularly well expressed in the northern section and 
widens towards the South. It is filled with Pleistocene 
sand and gravel with a thickness ranging between 30 and 
90 m which is much more than the 50 m mentioned in the 
literature. An almost 10 m thick clay/silt unit is only 
present on Fig. 6 and Fig. 7 at a depth of -40/-50 m and 
-50/-60 m, respectively. The unit is likely to be a floodplain 
deposit and therefore, is of greater importance for the 
hydrogeology than the clay and silt lenses described in 
literature (cf. Mathers & Zalasiewicz, 1999). 
The Pleistocene sands and gravels are unconformably 
overlain by the Holocene deposits. The erosive character 
of the incised valley, formed during a sea-level low stand, 
is very well expressed. The thickness of the Holocene 
deposits is generally 20 m and reaches about 30 m in the 
South of the study area. In the North, the deposits are 
restricted to the palaeovalley and form a thin cover west 
of it. This suggests that here only fluvial processes have 
been active and that this area was beyond the influence of 
coastal deposition. The silt/clay unit has a wider extension 
and occurs at greater depth towards the South, where it is 
probably formed by coastal processes in an estuarine 
environment. The variously sized and shaped sand bodies 
most probably represent the deposits of channels. 
5. 2. Panel diagram
The geometry of the different sediment units becomes 
clear in the panel diagram (Fig. 9) which demonstrates the 
interrelationship between the cross-sections and gives a 
general overview of the spatial extension of the relevant 
units. The Holocene sand bodies have not been represented 
for the sake of clarity. The diagram shows that the 
Pleistocene gravel units become thicker towards the SE 
while in the northern part, sand dominates. The Holocene 
clay/silt unit is restricted and even completely absent in 
the NE. In the northern part, the unit mainly occurs in the 
valley of the Red River while further South, it is more 
widely spread. This particular geometry demonstrates the 
infill of the incised valley during the Holocene. The 
geometry of the depositional bodies indicates a change in 
sedimentary style between the Pleistocene and Holocene 
units. The change most likely occurred at the onset of the 
Holocene with a re-organization of the fluvial system as a 
result of relative sea-level rise.
5.3. Morphology of the Neogene basement
The contour map of the top of the Neogene deposits (base 
of the Quaternary deposits) is constructed on the basis of 
the interpretation in the cross-sections (Fig. 10). The depth 
ranges between –45 m in the North and –110 m in the 
South which represents a significant relief. The apparent 
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existence of several depressions with a similar depth is an 
artefact of the low density of data points and not necessarily 
reality. It is most likely that they represent the valley of 
the Red River and/or its tributaries. Since the depositional 
evolution during the Pleistocene is not documented, it is 
impossible to know when the valleys were initially formed 
and/or whether they have been scoured and reoccupied in 
different periods. The location of the depression coincides 
with the location of the major faults (Fig. 2). This map 
shows that already in the top of the Neogene deposits, a 
valley is well expressed. 
5.4. Morphology of the base of the Holocene deposits
The boundary between the Pleistocene and Holocene 
deposits (Figs 11 & 12) represents a hydrogeological 
barrier and a map of its surface indicates the depth of the 
relatively consolidated sediments with a significant 
bearing capacity, in contrast with the overlying soft 
sediments. The map is based on interpolation between a 
small number of widely scattered boreholes and should be 
treated with caution. A more realistic picture of the top of 
the Pleistocene deposits is obtained by adding data 
inferred from the cross-sections (Fig. 12). For instance, 
palaeochannels inferred from the present-day 
hydrographical network are represented on Fig. 12 and 
not on Fig. 11. On Fig. 12, the contour map shows a NW-
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Figure 9: Panel diagram drawn 
on the basis of the cross-
sections. Holocene river 
channels have not been 
represented for the sake of 
clarity. 
Figure 10: Morphology of the 
Neogene basement in the Hanoi 
area. The thick line defines the 
border of the modelled area.
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Figure 11: Morphology of the top of 
the Pleistocene deposits in the Hanoi 
area using solely the data of the 
drillings. The thick line defines the 
border of the modelled area.
Figure 12: Morphology of the top of 
the Pleistocene deposits in the Hanoi 
area with the interpolation of the 
geometry of the units inferred from 
the cross-sections. The thick line 
defines the border of the modelled 
area.
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SE depression which corresponds to the Pleistocene 
palaeovalley of the Red River. The valley is rather narrow 
in the North and becomes deeper towards the South. 
However, the wider part in the South might result from 
the low density of data. It is possible that here some 
meanders have been linked. 
5.5. Sequence map
The sequence map (Fig. 13) differs from conventional 
geological maps which represent the geographical 
distribution of the outcropping deposits. In alluvial or 
coastal plains, characterized by a high lithological 
variability in the subsoil, such maps are of little use (cf. 
Fig. 4). The variability in the subsoil, however, is shown 
in a sequence map. The method consists of constructing a 
series of profile types each identified by a particular colour 
or symbol. A profile type represents a typical vertical 
succession of units.
For the study area, four simple profile types have been 
selected with the following units: a gravel-sand unit and a 
clay-silt unit, both from the Pleistocene and the Holocene 
(Fig. 13). The silt and clay in the lower part of the 
Pleistocene deposits have not been considered because 
their spatial distribution is not sufficiently known. 
Although the sequence map is a simplified interpretation 
of the data, nevertheless it shows a general picture of the 
spatial distribution of the Quaternary deposits. A restricted 
part in the North consists solely of Pleistocene sand and 
gravel (profile type 1) and Holocene deposits are absent. 
The narrow central part of the map (profile type 3) 
corresponds with the present-day river deposits underlain 
by Holocene clay with organic matter, in turn underlain 
by Pleistocene gravel and sand. The area adjacent to the 
narrow zone consists of Holocene floodplain clay at the 
top underlain by sand and gravel representing former 
channel courses of the river (profile type 4). The channel 
sand overlies the Holocene clay with organic matter which 
covers the Pleistocene gravel and sand. A major part of 
the map shows the presence of only Holocene floodplain 
clay upon Pleistocene gravel and sand (profile type 2). 
This way of representation is relevant for hydrogeological 
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Figure 13: Sequence map of the 
Hanoi area. See text for 
explanation.
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purposes, because the map shows that there are no 
Holocene aquifers present in the areas represented by 
profile types 1 and 2. A sequence map does not give an 
indication of the thickness of the units, therefore, it must 
be accompanied by a contour map like, for example, Fig. 
12. 
6. Interpretation of the Holocene sedimentary 
sequence 
Data derived from previous research in the plain, together 
with the geometry of the units obtained in this study, 
suggest that the Holocene sediment succession formed as 
a result of the post-glacial sea-level rise flooding of an 
incised-valley system. The system probably originated as 
an erosional valley, formed by river action during the Late 
Glacial sea-level low stand. The valley fill likely began to 
accumulate near to the end of the low stand and comprises 
sediments deposited during the following base-level rise 
(Dalrymple et al., 1994). Studies elsewhere demonstrate 
that during rapid sea-level rise, fluvial sediment supply is 
often less than the rate at which accommodation space is 
created. As a result, an estuary develops at the mouth of 
the incised valley. The estuary and associated sedimentary 
subenvironments then migrate landwards during the 
transgression, stabilizing only as the rate of relative sea-
level rise falls to zero. From this point onwards, sediment 
input from fluvial and marine sources leads to the 
development of deltaic or coastal-plain progradation 
(Kraft & Chrzastowski, 1985; Reinson, 1992; Dalrymple 
et al., 1992; Dalrymple et al., 1994). In the present study 
area, relative sea-level rise stabilized around 3000-2000 a 
cal BP. 
The existing data do not enable us to identify whether 
the study area at the landward end of the valley lay beyond 
the limit of the estuarine influence and remained wholly 
fluvial. At the landward limit of the Holocene transgression, 
Holocene fluvial sediments are normally deposited by the 
inflowing river as an alluvial floodplain or bay-head delta 
(cf. Zaitlin et al., 1994). These deposits were interpreted 
by Tanabe et al. (2003a) as forming in a river-bar mouth. 
The absence of fluvially-cut valleys at the start of the 
marine inundation at the beginning of the Holocene, can 
be accounted for by an initially rapid transgression and a 
low rate of fluvial sedimentation. This is generally the 
case in smaller valleys like, for example, the Delaware 
River, USA, which has a length comparable to the Red 
River (Ashley & Sheridan, 1994). 
The lithostratigraphic cross-sections show that the 
Holocene mud and silt are generally confined to the 
palaeovalley. The thickness of the deposits increases 
towards the south and decreases away from the valley. No 
estuarine sediments were found in core PD which is 
located west of Hanoi and at the landward limit of the 
plain. However, according to previous work, it is most 
likely that at least the lower part of the mud and silt was 
deposited in an estuarine environment. The lowest unit 
(Unit 1) reaches a thickness of 5 m in core DA; 5 to 10 m 
in core DT, and 20 m in core ND-1 at 50 and 80 km 
distance from the study area, respectively. The increasing 
thickness of this unit downstream confirms that the study 
area was most likely situated at the head of the estuary 
where the strong mixing of fresh and saline water results 
in a concentration of muddy deposition, often as intertidal 
mudflats (Carter, 1988; Pye, 1994; Healy, 2005). When 
muds are deposited under relatively low-energy conditions 
like in intertidal flats, they are little affected by subsequent 
channelling. In addition, plant growth also protects the 
muddy sediments from erosion (Einsele, 1992). Estuaries 
are usually fringed by tidal flats with mangrove and salt 
marshes. The plant remains described in the early 
Holocene deposits (cf. Fig. 3) most likely originate from 
mangrove vegetation. The latter, however, was uncommon 
before 6000 a cal BP when relative sea-level was rising 
quickly (Chappell & Woodroffe, 1997). In this period, 
mangrove was likely confined to sheltered sites where 
they could persist on the vertically accreting muddy 
substrates as submergence occurred (Bird, 2000). 
In most simplified stratigraphic models, the upper 
portion of the transgressive succession is removed by 
shoreface or tidal channel erosion as the estuary continues 
to translate landward under sea-level rise (Reinson, 1992; 
Dalrymple et al., 1992; Dalrymple et al., 1994). In our 
study area, however, the shoreface did not reach that far 
and the estuarine mud is overlain by freshwater floodplain 
sediments which accumulated when sea level stabilized 
once the estuary was filled. According to Funabiki et al. 
(2007), fluvial deposition prevailed in the landward 
portion of the valley from ca. 7000-6000 a cal BP onwards. 
More seaward in the rest of the plain, estuarine infilling 
continued. The sediments are described as deltaic deposits 
overlying conformably Unit 1 (Tanabe et al., 2003a; 
Funabiki et al., 2007). The sedimentary characteristics of 
these deposits, including the heterolithic nature of the 
laminated mud and sand, together with burrowing, suggest 
tide-influenced sedimentation in the central portion of the 
estuary. 
In summary, a comparison of the results obtained in 
this study with the scattered cores in the plain indicates 
that the Hanoi sediment succession developed in an 
incised valley under conditions of rapid relative sea-level 
rise until ca. 7-6 ka a cal BP. The succession consists 
initially of alluvial floodplain deposits or a bay-head delta 
conformably overlain by mud deposited at the head of an 
estuary which became an area of vertical accretion with 
continuing rapid sea-level rise. Once the relative sea-level 
rise stabilized at about 7-6 ka a cal BP, fluvial deposition 
prograded over the adjacent estuarine mud. 
Further detailed comparison to previous models, in 
terms of chronology or particular facies succession, is not 
possible. Although all sequences, originating from relative 
sea-level changes, show principally the same succession, 
their lithologies and stratigraphic expressions vary 
spatially enormously. The sediment infill of an estuarine/
deltaic complex is time- and space dependent (Leeder, 
1999) and reflects processes operating at a given time, 
which may not be representative of the entire estuarine/
deltaic cycle. 
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7. Conclusion
In this paper the Quaternary sequence of the subsurface of 
the central part of Hanoi has been presented for the first 
time. The broad reconstruction of the geometry of the 
sedimentary bodies demonstrates that the Quaternary 
deposits reach a much greater thickness than previously 
believed. The existence of a palaeovalley in Pleistocene 
times is documented by a major depression in the top of 
the Neogene deposits that coincides with the location of 
the major faults. During Pleistocene times, coarse-grained 
fluvial sedimentation prevailed. Today, these units form 
important groundwater aquifers. The geometry of the 
Holocene deposits shows that Pleistocene sediments have 
been incised to form a second palaeovalley. Assuming 
that the area of Hanoi is at the landward limit of the 
Holocene coastal plain, it is likely that the palaeovalley 
was initially infilled by marine deposits. The lithological 
heterogeneity of the marine and fluvial sediments, 
although an important factor for modelling groundwater 
flow, could not be documented in detail because of the 
paucity of available data. 
The methodology applied in this investigation has 
succeeded in overcoming limitations in the primary 
dataset by providing the basic stratigraphic data which are 
needed for the construction of a three-dimensional 
groundwater flow model (Fetter, 2001). This methodology 
shows that particular attention must be paid to limitations 
as result of a low density of data points. The results of this 
investigation can form a basis for subsequent geotechnical 
studies. The broad reconstruction of the geometry of the 
sedimentary bodies and the contour maps can be used to 
the preliminary identification of compressible units like 
the Holocene clay and silt which have a much lower 
bearing capacity than the relatively more consolidated 
Pleistocene deposits. 
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